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Abstract The monitored resonant behavior of fatigue specimens of metastable
austenitic stainless steel (AISI304) is correlated with its damage accumulation
in the very high cycle fatigue (VHCF) regime. The resonant behavior is stud-
ied experimentally and shows a distinct transient characteristic. Microscopic ex-
aminations indicate that during VHCF a localized plastic deformation in shear
bands arises on the specimen surface. Hence, this work focuses on the effect
of damage accumulation in shear bands on the resonant behavior of AISI304 in
the VHCF regime. A microstructural simulation model is proposed that takes
into account speciﬁc mechanisms in shear bands proven by experimental results.
The simulation model is solved numerically using the two-dimensional bound-
ary element method and the resonant behavior is characterized by evaluating the
force-displacement hysteresis loop. Simulation of shear bands agrees well with
microscopic examinations and plastic deformation in shear bands inﬂuences the
transient characteristic of the resonant behavior.
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Nowadays many structural components such as railway wheels, offshore structures, load bear-
ing parts of automobiles, etc., have to endure a very high number of loading cycles (well beyond
10 million cycles). To guarantee the safety of human, machine, and environment, the investiga-
tion of fatigue mechanisms in the very high cycle fatigue (VHCF) regime becomes more and more
important. In this regime, particular attention has to be paid to the localized plastic deformation.
Localization of cyclic plastic deformation in metastable austenitic stainless steel (AISI304, ini-
tially purely austenitic condition) is conducted by motion of dislocations which are arranged in
shear bands.
The experimentally observed resonant behavior of AISI304 in the VHCF regime shows a
distinct transient characteristic. In order to identify the microstructural changes relevant for the
transient characteristic, in the present study the damage accumulation in shear bands is modeled
and its effect on the resonant behavior is investigated. Therefore, speciﬁc shear band mechanisms
a)Corresponding author. Email: philipp.hilgendorff@uni-siegen.de.
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are proposed and incorporated into a simulation model. The two-dimensional (2D) boundary
element method (BEM) is used to solve the model numerically.
In the following paragraphs at ﬁrst the results of experimental examinations in terms of the
transient characteristic of the resonant behavior and microscopically analyzed changes in the mi-
crostructure are given. Then, the simulation model is presented followed by a short explanation
of the numerical method. After presenting a procedure to determine the resonant behavior based
on the results from simulated microstructural changes, the effect of damage accumulation in shear
bands on the resonant behavior is investigated regarding the morphology of a real microstructure.
The resonant behavior of AISI304 is studied experimentally by means of a resonance testing
machine, which readjusts the excitation resonant frequency during testing (stress ratio R = −1).
The S–N-curve is given in Ref. 1 and points out a true fatigue limit of about 240 MPa. In Fig. 1 two
separate curves for the testing frequencies over cycles are shown. The lower curve indicates the
testing frequencies measured at a stress amplitude in the range of the VHCF strength (240 MPa),
representing the damped resonant frequency fres of the specimen-machine system. It describes a
distinct transient characteristic over cyclic loading consisting of cyclic softening (decrease of fres)
followed by cyclic hardening (increase of fres). In contrast, the upper curve indicates the testing
frequencies at a stress amplitude of 50 MPa measured at distinct fatigue stages that were reached
due to testing at 240 MPa. These frequencies represent the resonant frequency f0 of the sample
without the damping effect of plastic deformation (note the small changes in frequency).
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Fig. 1. Damped ( fres) and undamped ( f0) resonant frequencies during cyclic loading of AISI304 (loading
amplitude 240 MPa).
In the present study confocal microscopy was used to obtain quantitatively the expansion of
localization of plastic deformation in shear bands. Figure 2 shows a beginning increase in the
number and markedness of visible slip markings on the specimen surface in the early stages of
fatigue and stagnation after 2× 105 cycles. Correlation of these results with the lower curve in
Fig. 1 indicates that cyclic softening (drop of fres) seems to be associated to an increase of plastic
deformation in shear bands and cyclic hardening (increase of fres) may be related to a stagnation
of plastic deformation in shear bands.
Mechanisms proposed in Ref. 2 are used to model the localization of cyclic plastic deforma-
tion in shear bands and are brieﬂy summarized as follows. When a critical resolved shear stress is
exceeded in the most critical slip system, a shear band is formed at the corresponding site in the
microstructure.
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Fig. 2. Slip marking on the specimen surface after (a) 104, (b) 8×104, (c) 2×105, and (d) 2×107 cycles
measured by means of confocal microscopy (loading amplitude 240 MPa).
The theory of dislocation pile-ups at grain boundaries3 enables the determination of the char-
acteristic dislocation distribution leading to the quantitative sliding distribution along the shear
band.
The cyclic slip irreversibility4 is taken into account by approximating the shear band by two
closely located layers, where dislocation motion happens separated in compressive and tensile
loading.5 In this way an irreversible fraction of sliding can be accounted on the layer that is
inactive in each case (details see in Ref. 6).
Hardening is considered by linearly increasing the critical resolved shear stress depending on
the plastic slip deformation in the shear band.
The effect of the suggested shear band model is investigated using the 2D BEM. The basic
structure of the method consists of the displacement boundary integral equation being used on
the external boundary Γb (grain and phase boundaries), and the stress boundary integral equa-
tion being applied on the slip line faces Γs (shear bands). Tractions pi and displacements ui are
prescribed on the external boundary Γb, while stresses σiα and relative displacements Δui are con-
sidered on one face Γs of the slip line. The displacement boundary integral equation for a solid
containing a slip line is
ci jui =
∫
Γb
(u∗i j pi− p∗i jui)dΓ +
∫
Γs
p∗i jΔui dΓ , (1)
where ci j equals 0.5 when Γb is smooth. p∗i j and u∗i j (given in Ref. 2) are the traction and the
displacement fundamental solutions, respectively. Substituting Eq. (1) into Hooke’s law yields
the stress boundary integral equation as σ jγ =
∫
Γb (d
∗
i jγ pi− s∗i jγui)dΓ +
∫
Γs s
∗
i jγΔui dΓ , where d∗i jγ
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and s∗i jγ are the stress and the higher-order stress fundamental solutions, respectively.2
By use of the continuity condition, several homogeneous solids or substructures (each one
representing a grain with its individual anisotropic elastic properties) can be combined to a con-
tinuous microstructure.7
A prediction of the effect of microstructural changes due to plastic deformation in shear bands
on the resonant behavior requires a procedure to describe the resonant behavior based on the re-
sults from the microstructural simulations. With the use of both the viscous and the hysteretic
damping model8 an equivalent damping ratio D and the resonant frequency ratio ηres as a describ-
ing parameter for the resonant behavior can be identiﬁed. By means of energy loss per cycle ΔW ,
stiffness k of the specimen and displacement amplitude xˆ of the force displacement hysteresis loop
the ratio ηres is given by ηres =
√
1−ΔW 2/(2π2k2xˆ4) where ηres is basically deﬁned as the ratio
of resonant frequency of the damped system ( fres) and that of the undamped system ( f0) and,
therefore, can also be evaluated by using the experimental results depicted in Fig. 1. Thus, the
ratio ηres is applicable to compare the results from experiments with those from simulations.
Applying the proposed simulation model in combination with the BEM allows for simulation
of the effect of localized plastic deformation in shear bands on the resonant behavior. The exam-
ination was conducted basing on the real microstructure of AISI304 characterized by means of
scanning electron microscopy (SEM) in combination with the electron backscattered diffraction
(EBSD)-technique and the orientation imaging microscopy (OIM) analysis.
Figure 3 shows the SEM image and EBSD map of the observed microstructure. Grain bound-
aries and also markings of emerging shear bands are clearly visible in the SEM image. The
crystallographic orientation of each grain is indicated by the EBSD map in Fig. 3(b). The poor
image quality of the OIM analysis in single grains is a result of the deformation accumulation
during cyclic loading.
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Fig. 3. (a) SEM image and (b) EBSD map of the measured zone of surface grains (loading amplitude
σ = 240 MPa and number of cycles 107).
Contours of simulated shear stresses in most critical slip systems in the microstructure are
shown in Fig. 4. Contours were chosen in each case at 240 MPa (the maximum external load-
ing). Evolved shear bands are emphasized by thin lines which were colored from white to grey,
depending upon the amount of plastic shear deformation that occurred in the respective shear
band layer. Damage modeling was conﬁned to 4 grains (labeled 1–4 in Fig. 3(a)) owing to high
computational effort. It is important to note that one simulated cycle reﬂects the evolution of
microstructural damage resulting from many cycles in the experiment. This was achieved by
adapting the parameter of cyclic slip irreversibility and by increasing the cyclic hardening effect.
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Fig. 4. (Color online) Contours of simulated maximum shear stresses in most critical slip systems in the
(a) 1st, (b) 3rd, and (c) 7th loading cycle (loading amplitude σ = 240 MPa and hypothetical cyclic slip
irreversibility of p = 0.1).
The comparison between surface slip markings on the SEM image (Fig. 3(a)) and simulated
shear band layers (Fig. 4) illustrates a good agreement between experimentally observed and
simulated damage accumulation. Due to plastic sliding deformation in shear bands shear stresses
at grain boundaries are increased and shear stresses within grains are decreased.
It is shown in Fig. 4 that varying with speciﬁc polycrystalline boundary conditions the shear
bands deform differently. The comparison of contour plots in the ﬁrst, third, and seventh loading
cycle (in Fig. 4) shows that shear stresses at the end of shear bands and thus at grain boundaries
increase with increasing number of simulated cycles. This is yielded by the irreversible damage
accumulation.
Figure 5 depicts the comparison of resonant frequency ratio ηres from simulation and from
experiment. In contrast to the results in Ref. 2 the scaling of the resonant frequency from simu-
lation has been adjusted taking into account that in simulations only a small part of the observed
microstructure is plastically modeled. In Fig. 5 a decrease of ηres relates to cyclic softening and
an increase to cyclic hardening.
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Fig. 5. Qualitative comparison of resonant frequency ratio ηres from simulation and experiment.
The results show that cyclic softening and subsequent hardening arise — as simulated — from
damage accumulation in shear bands. At ﬁrst the mechanisms of formation and sliding cause a
softening and later the mechanism of hardening is dominating. Thus, the simulated results are
basically in accordance with experimental observations whereby Figs. 1 and 2 showed that cyclic
softening is associated to an increase and cyclic hardening to a stagnation of plastic deformation
in shear bands.
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However, by comparing both curves in Fig. 5 it becomes obvious that the transient behavior
of the experiment leads to a higher variation of ηres than that of the simulation. Thus, the distinct
transient characteristic of the metastable austenitic stainless steel can not be solely reproduced
by simulation of damage accumulation in shear bands. It has to be taken into account that the
metastable austenitic stainless steel exhibits deformation induced martensite formation during
fatigue, which might play an important role in the transient characteristic. The mechanism of
deformation induced martensite formation has not yet been considered in the model presented but
is the subject of current investigations.
A simulation model is suggested that describes the damage mechanisms occurring in shear
bands under VHCF condition. It is assumed that formation of a shear band occurs at sites of
shear stress concentration and sliding distribution arises from the theory of dislocation pile-ups
at grain boundaries. As the shear band is approximated by two closely located layers, the irre-
versible shear character can be represented. An increasing dislocation density in the shear bands
results in material hardening. The effect of the suggested simulation model is investigated in the
2D morphology of a real microstructure by using the BEM. It comes out that simulation of slip
localization in generated shear bands agrees well with SEM observation. The resonant behavior
is characterized by the resonant frequency ratio ηres that can be determined from the simulated
force-displacement hysteresis loop with the use of both the viscous and the hysteretic damping
model. The comparison of ηres from simulation and experiment shows that cyclic softening and
subsequent hardening in the transient regime arise from simulation of damage accumulation in
shear bands. However, the variation of ηres from experiment is more pronounced than that from
simulation. Current work concentrates on the effect of further microstructural inhomogeneities
such as deformation induced martensite in combination with damage accumulation in shear bands
on the transient behavior during cyclic loading in the VHCF regime.
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